[Ade-14C]NAD+ (9.0 X 105 cpm/,gmol of ADP-Rib or 6.4 X 103 cpm/,umol of ADP-Rib) with calf thymus nuclei as the enzyme source (17, 18) .
Poly([14C]ADP-Rib), eluted with 0.22-0.40 M phosphate buffer from a hydroxylapatite column (17) , was concentrated and hydrolyzed with snake venom phosphodiesterase (EC 3.1.4.1) (Worthington) that had been further purified by the method of Oka et al. (19) . The incubation mixture of 1.5 ml contained 0.4 mg of poly(['4C]ADP-Rib), 30 ,umol of potassium phosphate buffer (pH 7.5), 1.5 Amol of MgCl2, 525 ,ug of bovine serum albumin, and 2 units of snake venom phosphodiesterase. The reaction mixture was incubated at 37°C for 2-3 hr. The complete hydrolysis was checked by subjecting small samples to chromatography on cellulose thin-layer sheets in a mixture of isobutyric acid, concentrated ammonium hydroxide, and H20 (66:1:33, vol/vol) and confirming the absence of radioactivity of poly([14C]ADP-Rib) at the origin.
The snake venom phosphodiesterase hydrolysate was mixed with urea at a final concentration of 7 M and applied to a DEAE-Sephadex A-25 column (0.5 X 70 cm) equilibrated with 50 mM Tris-HCI, pH 7.5/7 M urea (20) . The peak fractions were designated as peaks A, B, and C (Fig. 1A) pooled and desalted as described by Rushizky and Sober (21) . The recovery of the material from the column was 90%.
The content of adenine was determined from the ultraviolet absorption by taking the molar extinction coefficient of the adenine residue as 15,400 at 259 nm and pH 7.5 (22) . The content of pentose was estimated by the orcinol method of Mejbaum (23) . The pentose in the peak C compound was identified as ribose by the method of Robinson et al. (24) . The material was hydrolyzed with acid, treated with alkaline phosphomonoesterase, and fractionated by paper chromatography with the upper layer of pyridine/ethyl acetate/H20 (1:3.6:1.15, vol/vol) (25). The paper chromatogram was then stained with alkaline AgNO3. Organic phosphate was determined by the method of Ames and Dubin (26) . The phloroglucinol reaction was carried out by the method of Dische and Borenfreund (27) . Periodate consumption was assayed by the procedure of Dixon and Lipkin (28) . Periodate concentration was determined by the procedure of Marinetti and Rouser (29) . Reducing sugar was measured by the ferricyanide method of Park and Johnson (30) .
A mixture of the peak C compound (8.8 
A260 units) in 140
Abbreviations: ADP-Rib, adenosine diphosphate ribose; Ado(P)-Rib-P, 2'-(1"-ribosyl)adenosine-5', 5"-bis(phosphate) equal to 2'-(5"-phosphoribosyl)-5'-AMP; Ado-Rib, 2'-(1"-ribosyl)adenosine. 595 The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U. S. C. §1734 solely to indicate this fact. ,ul and 3 ,l (0.7 unit) of Escherichia coli alkaline phosphomonoesterase (EC 3.1.3.1) was incubated at pH 7.5 for 3 hr at 370C, and then 0.7 unit more enzyme was added and incubation was continued for 1 hr at 370C. Complete hydrolysis was checked by submitting a small sample to thin-layer chromatography. The reaction product was purified by chromatography with Whatman no. 40 paper and H20 as solvent. The spot with ultraviolet absorption corresponding to the dephosphorylated peak C compound was eluted with H20 and evaporated to dryness. In this way 6.5 A260 units of material was recovered.
Mass spectral data were obtained from the dephosphorylated peak C compound after its conversion to a volatile permethylated derivative. Permethylation was performed with 1 A2j0 unit of the compound by the described procedure (31) . The number of methyl groups introduced was determined by using CH3I and C2H31, respectively, for the permethylation reaction. Low-resolution mass spectra were obtained on a JEOL-O1SG-2 instrument with a direct inlet system (ionization voltage, 75 eV; chamber temperature, 250°C; sample temperature, 180°C). About 1/10th of the reaction mixture was introduced into the mass spectrometer.
RESULTS
Isolation of the Branched Structure from Snake Venom Phosphodiesterase Digestion Products of Poly(ADP-Rib).
Poly([14C]ADP-Rib) (1.6 X 106 cpm, 9.0 X 105 cpm/,umol of ADP-Rib residue), digested with snake venom phosphodiesterase, was subjected to DEAE-Sephadex A-25 column chromatography (Fig. 1) .
If [Ade-14C]poly(ADP-Rib) were to have only a linear structure, the expected digestion products should be 5'-AMP from the termini (peak A), 2'-ribosyl adenosine-5',5"-bis-(phosphate) [Ado(P)-Rib-P] (peak B), and partially dephosphorylated forms of Ado(P)-Rib-P, namely 2'-(5"phosphoribosyl)adenosine and 2'-ribosyl-5'-AMP (minor peak before peak A). These products were identified by paper chromatography with two different solvent systems (32) . Peaks A and B and the minor peak before A constituted 4, 93, and 2%, respectively, of the recovered materials. These products have negative charges of -2 or -4 at pH 7.5.
Careful examination of the chromatograph after peak B revealed a very small peak (peak C) with a negative charge of about -5, representing about 2% of the recovered material. No peak C, peak A, peak B, nor the minor peak before A was observed when poly(ADP-Rib) was applied to the DEAE Sephadex column without venom phosphodiesterase digestion, indicating that the peak C compound is an integral part of poly(ADP-Rib). Additional studies were focused on the structure of this peak C compound.
Properties of Peak C Compound. The peak C compound has a more negative charge than Ado(P)-Rib-P (Fig. 1 ), but it is eluted before ppApp, which should have a negative charge of -6. Thus it seems to have a negative charge of around -5. The peak C compound was distinct from known derivatives of poly(ADP-Rib), especially Ado(P)-Rib-P, in two solvent systems (Fig. 2) .
The peak C compound was treated with E. coli alkaline phosphomonoesterase and subjected to thin-layer chromatography (Fig. 3) . Like AMP, ADP, ATP, and Ado(P)-Rib-P, untreated peak C compound behaved like a substance with a negative charge, and after treatment with alkaline phosphomonoesterase it moved faster than Ado-Rib. The yields of inorganic phosphate before and after digestion of the peak C compound with alkaline phosphomonoesterase were 0.03 and 2.82 mol per mol of adenine, respectively, indicating that all the phosphates were removed by alkaline phosphomonoesterase digestion. The validity of the assay procedure was checked by performing the same color reaction on Ado(P)-Rib-P and 5'-AMP as model compounds. The corresponding values for Ado(P)-Rib-P were 0.04 and 2.00, and those for standard 5'-AMP were 0.03 and 1.06; these values are in agreement with the structures of these compounds.
Mass Spectrometry of Dephosphorylated Peak C Compound. Unambiguous determination of the molecular weight of the dephosphorylated peak C compound was achieved by low-resolution mass spectrometry. Because the free compound was not volatile, it was converted to the volatile permethyl derivative for mass spectroscopy. Fig. 4 shows the mass spectrum of the permethylated derivative of the dephosphorylated peak C compound. It showed an abundant molecular ion peak at m/e '657 (m/e, mass-to-charge ratio). Because the peak of the permethylated derivative using C2H31 was m/e 684 (data not shown), it was concluded that nine methyl groups had been introduced into the compound. Therefore, the molecular weight of the free dephosphorylated peak C compound was deduced to be 531. This value is consistent with the proposed structure of the compound (see Discussion) with 1 mol of adenine and 3 mol of ribose. The other principal diagnostic ions are m/e 163, 164, and 192. These ions were also observed in the mass spectrum of permethylated adenosine (base + H, base + 2 H, and base + 30 H, respectively) (36), indicating the presence of an adenosine moiety in the dephosphorylated compound.
The absence of m/e 220, which is seen in the spectrum of permethylated adenosine and thought to be derived from the base of adenine plus fragments of ribose containing the 2'-OH residue (36) , suggested a substitution at 2'-OH of the adenosine moiety of the compound. The contents of adenine, ribose, and phosphate in authentic 5'-AMP were each taken as 1.00. The molar composition is expressed relative to adenine. Phloroglucinol Reaction. The position of phosphomonoester bonds attached to ribose was determined by the phioroglucinol reaction for measuring the reactivity of ribose (27) . Dische and Borenfreund (27) reported that substitution at carbon 5 of ribose resulted in about a 2-fold increase in the color reaction, whereas substitution at position 3 had no significant effect on the reaction. We observed that substitution of phosphate in position 2 or 1 also did not significantly change the color intensity (Table  2) . When the peak C compound was completely dephosphorylated, isolated by paper chromatography, and treated with phloroglucinol, or when the peak C compound was treated with alkaline phosphomonoesterase and then directly with phloroglucinol, the color intensity was the same as that with adenosine * The concentration of ribose was calculated by taking the ratios of ribose to adenine for AMP, Ado(P)-Rib-P, and peak C compound as 1, 2, and 3, respectively (Table 1) . or Ado-Rib. These findings also indicate the presence of 3 mol of ribose per mol of adenine in the dephosphorylated peak C compound. Moreover, the intensity of the color reaction of the peak C compound was about twice that of the dephosphorylated peak C compound. This was also found with Ado(P)-Rib-P and 5'-AMP, which both have esterified phosphate at the 5' (or 5") position. This strongly suggests that all three molecules of phosphate of the peak C compound are attached to either the 5', 5", or 5"' position of each ribose.
Reducing Sugar Reaction. The peak C compound and its dephosphorylated compound had no free reducing end of ribose (Table 3 ). Therefore, the 1', 1", and 1"' carbons of ribose are linked either to adenine or to ribose.
Periodate Consumption. The peak C compound and the dephosphorylated peak C compound both consumed only 1 mol of periodate per mol of adenine (Table 4) . This is consistent with the results of the phloroglucinol reaction, indicating that none of the phosphomonoester linkages are at the 2' or 3' position, because removal of phosphate from the 2' or 3' position would generate another cis diol, resulting in additional periodate consumption. DISCUSSION The structure of the peak C compound, demonstrated among the phosphodiesterase digestion products of poly(ADP-Rib), is proposed to be 2'-[1"-ribosyl 2"-(or 3"-)(1"'-ribosyl)]adenosine-5',5",5"'-tris(phosphate), as follows.
It is still uncertain whether the glycosidic linkage is 1 "' -2" or 1"'*3", and the anomeric configuration of the ribose-ribose-ribose linkages has not yet been elucidated.
It is unknown why the peak C compound is eluted before ppApp and apparently has net negative charge of -5. However, it must be remembered in this connection that the positions of elution of nucleotides from DEAE-Sephadex are influenced not only by their charge but also by their chemical structure (37) .
The presence of this compound indicates that poly(ADP-Rib) has a branched structure (Fig. 5 ). This branched structure is unexpected, but we previously detected a fraction of poly-(ADP-Rib) with a mean sedimentation coefficient of 12s, which was excluded from a Sephadex G-200 column and had a mean chain length of 26 (38) . The mean chain length was calculated as the ratio of the number of ADP-Rib residues to the number of termini (15) . If poly(ADP-Rib) with a chain length of 26 has a linear structure, it should have a molecular weight of 14,000, its s value should be about 5s, and it should not be excluded from a Sephadex G-200 column (38) . However, if high molecular weight poly(ADP-Rib) has branches at intervals of about 20-30 ADP-Rib units and thus has several termini, it is possible that its chain length calculated by the ordinary procedure would be very short-e.g., 30 .
Enzymatic formation of poly(ADP-Rib) may consist of three steps: first, ADP-ribosylation of nuclear proteins (initiation); second, ADP-ribosylation to 2'-ribose of AMP portions of preexisting ADP-Rib residue (elongation); and third, ADPribosylation to 2"-or 3"-ribose of ribose 5'-phosphate portions of preexisting poly(ADP-Rib) chain (branching) and elongation.
It would be interesting to know whether formation of the branched structure and normal elongation are catalyzed by the same enzyme. Nonenzymatic formation of branching of poly- Poly(ADP-Rib) is hydrolyzed by poly(ADP-Rib) glycohydrolase to yield ADP-Rib (39). It is not known whether there is a debranching enzyme to yield linear molecules of poly-(ADP-Rib).
The antigenic determinant of poly(ADP-Rib) is thought to have a ribose-ribose structure, because Ado(P)-Rib-P caused significant inhibition of the binding of poly(ADP-Rib) to the antipoly(ADP-Rib) antibody (40) . 2'-[1"-ribosyl 2"-(or 3"-)-(1"'-ribosyl)]adenosine-5',5",5"'-tris(phosphate) may also be involved in the antigenic site of high molecular weight poly-(ADP-Rib).
The finding of this compound indicating a branched structure of poly(ADP-Rib) introduces new concepts of the structure and function of poly(ADP-Rib).
